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SUMMARY

Experimental data are presented on the tariation of
the modulus of rigidity in the temperature range —20 lo
+60° C. of a number of metals which are of possible use
for elastic elements for airerafi and other instruments.
The method of the torsional pendulum was used to deter-
mine the modulus of rigidity and its temperature coeffi-
cient for aluminum, duralumin, Monel metal, brass,
phosphor bronze, coin silver, nickel silver, three high
carbon steels, and three alloy steels. The temperature
coefficient m is defined by the relation

G dT

in which G and G, are the moduli of rigidity at the
temperatures T° C. and 0° C. The differential dG/AT
was found fo be a constant except for two metals. The
effect of heat treatment on m was determined for a num-
ber of the materials. It was observed that tensile siress
affected the values of the modulus by amounts of 1 per

cent or less.
INTRODUCTION

Aircraft instruments must operate satisfactorily at
temperatures which may vary between —50° C.
and +50° C. Satisfactory operation means not only
that the instruments function, but that their indi-
cations be accurate within folerances. Thus current
military specifications provide for tests at instrument
temperatures of —35° C. and +45° C. It is well
known thet the indication of an instrument depend-
ing upon the deflection of an elastic element, such
as a diaphragm or spring, varies with temperature.
In properly designed instruments the major part of
this variation is due to the variatign of the elastic
moduli with temperature. It is obvious in consider-
ing the performance of aircraft instruments that
data are desirable on the effect of temperature on the
elastic moduli of the materials commonly used for
elastic elements.

There are no data on many of the commonly used .
Such data as are available are of little use ;

alloys.

in instrument work either because they are not suf-

required temperature range. A very important
point is that for the most part investigators have

secured data on annealed specimens, while the elastic
elements of instruments consist of hardened materials.
It is interesting to note that values of the tempera-
ture coefficients of elasticity are not given in current
handbooks of physical data.

The Bureau of Standards, with the financial support
and cooperation of the National Advisory Committee
for Aeronautics, has undertaken an investigation of
the effect of temperature on the elastic properties of
metals and alloys which may be useful in the field of
aeronautic instruments. The objects of the research
are as follows:

(@) To determine the temperature effect on the
elastic moduli of the various common diaphragm and
spring materials in the temperature range from —50°
to +50° C.

(0) To investigate materials in which the tempera-
ture coefficient of elasticity is relatively small or
anomalous.

(¢) To determine the effect of stress, heat treatment,
and other factors on the elastic moduli and the tem-
perature coefficient of elasticity.

Ttem (b) on the above program is of some importance
in view of the not inconsiderable change in indication
of instruments with elastic elements in the temperature
range experienced in aircraft. Attention should be
called to the extensive work on this phase of the prob-
lem by Quillaume and Chevenard (References 4 and
7). As a result of Guillaume’s work on alloys of the
pickel-iron series one was found which has a very low
temperature coefficient of elasticity (both for the
Young’s and the rigidity modulus) at room tempera-
tures. This alloy is known as elinvar. Its possible
use in aireraft instruments depends on knowledge of
its behavior in the above-mentioned temperature
range, together with its resistance to corrosion, its ease
of mechanical working, and its elastic properties which
should be at least as good as those of alloys now com-
monly used. Also there must be & reasonable pros-
pect that eventually it will be easily obtainable.
The informstion now available is not sufficient to
determine its usefulness in aireraft instruments.

This paper gives the results of experimental work

ficiently accurate or because they do not cover the : thus far completed at the Bureau of Stendards. The

data include (a) values of the temperature coefficient
of the modulus of rigidity of & number of common
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materials, () values of the rigidity modulus at 0° C.,
and (c) to a limited extent the effect of tension, and
(d) of heat treatment. The temperature range in

which data were obtained was from —25° to +50° C..

The torsion pendulum method was adopted, and since
this method is not to be used in the future experiments,
it is considered advisable to report on the results
which have already been obtained.

The experiments are being continued using the
deflection of helical springs as the criterion instead of
the period of a torsion pendulum. The new method
will enable better temperature control, as the springs
cen be tested in a liquid bath and, more important,
the determination of the temperature coefficient for
both the rigidity and Young’s modulus can be made
on the same specimen. The method also gives promise
of greater rapidity in obtaining data.

THEORY

Neglecting the effect of internal and air damping,
the period P of a torsion pendulum with a round wire
is given by the equation

p= 2 (1)
in which @=the modulus of rigidity,
r=the radius of the wire,
I=the moment of inertia of the oscillating
system,
L=the length of the wire.
In accordance with equation (1) define

_ STLTIT _ 8TLO.I0
GT— m‘ and Go— _To‘—P;r (2)

where the subscripts refer to the temperature (degrees
Centigrade) at which the quantities are measured.

In the determination of the modulus the geometrical
dimensions of the torsion pendulum at 20° C., approx-
imately, were used. This defines the following
equations:

. STLzoIac ' STLmIzo.
e e A e ®

The temperature coefficient of the modulus of rigidity
is defined by
1 dGr

m—a; —djq- (4)
Using the terms defined in equation (3),
1 dGy
™ =g AT (5)

It is apparent that m does not differ very much
from m’. The relation between m and m’ is found as
follows. Dividing equation (4) by equation (5),

dGr

m Gol HT

T (2 ©
dT
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Now’
Gy’ = Gy[1 + (2a— 3b) 20] (7)

where a and b are the linear thermal coofficients of
expansion of the weights and of the wire specimen,
respectively. Similarly

r=G7' [1+ (2a—3b) (T—20)] 8)
From equation (7} it {follows that
gl-=1+ (2a—30)20 ()

and from equation (8),

a6,
HT 2(1"'31) GTI

dT
Multiplying equation (9) by equation (10) and
neglecting relatively higher order quantities there is
obtained the desired relation:

m=m’'+ (2¢a— 3b) (1)

As will be shown later, the effect of the damping
on the values of the modulus of rigidity and the tem-
perature coefficient is negligible under our conditions
of experimentation. This conclusion agrees with that
of other investigators, notably Horton (Reference 1).

Modulus of Rigidity by the Deflection Method.—
The modulus of rigidity was also determined in most
cases by the deflection method using the apparatus
shown in Figure 3, in order to check the values obtained
by the torsional pendulum. The modulus of rigidity
@ is given by the following expression

210
G’m (12)
in which [/ and r are respectively the length and radius
of the wire specimen and 1f the torque required to
produce the angular deflection a.

DESCRIPTION OF SAMPLES

Samples of wire as straight as possible were secured
of a number of materials. All except a sample of
annealed Monel metal were in a hard-drawn condition.
The eluminum sample (2 S 1/2 H) was commercially
pure, so fabricated as to be one-half hard. The
duralumin sample (17 S-T) was commercial heat
treated. The oil-tempered steel wire and piano wire
samples were furnished by the manufacturer, heat
treated in the usual manner for use in making helical
springs. '

Chemical Composition.—Analyses of the samples
were made by the Chemistry Division of the Bureau
of Standards. The results are given in Table 1.

The percentage aluminum in the aluminum and
duralumin samples was determined by the difference
between 100 per cent and the percentage of the other
constituents for which the samples were analyzed.
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Heat Treatments.—A number of the specimens
were heat treated in the manner shown in Table I1.
All of the heat treatments listed for a given material
were made on the same pieces of wire. Between heat
treatments the wire was replaced in the torsion pendu-
lum and the usual data obtained.

The wires were quenched in water after being heated
by passing an electrical current through them. They
were mounted horizontally without thermal insula-
tion and under a tension sufficient to keep them
straight. In order to maintain the temperature of the
wire up to the point of immersion, the appsaratus was
arranged so that the hot wire could be rotated into
the tank of water during which operation a sliding
switch automatically cut off the heating current.
(See fig. 2.) The temperature was determined by an
optical pyrometer.

The drawing or tempering of the specimens was in
all ceses carried out in an inclosed type of electric
furnace. This consisted of an inner porcelain tube
of smsll bore which was placed in & small tubular
furnsce. The temperature of the furnace could be
regulated to within 4° C. It was measured by one
thermocouple placed at the mid-point of the interior
of the furnace. It was found by experiment that the
temperature of the furnace had practicelly the same
value over its entire length 15 minutes after stabilizing
the heating current. The temperature as indicated
by the thermocouple could be kept constant within
3° C. Care was taken not to exceed the desired
temperature. The wires were held at the temper-
ing temperature for not more than one-half hour, and
were left in the furnace until it had cooled to room
temperature.

TABLE I—CHEMICAL COMPOSITION OF SAMPLES

[When zero amounnt of an element Is

given, it means none was detected]

{(a) Nonferrous

[Elemments in per cent]
Ne. Samples SHver | Copper | Zine Agggi' Lead Tin Nickel | Sficon | Iron 1 hogghor— M:’m?v" oy
21 | Alominum._ 0 1} 199. 50 [} ¢ 0.12 (1.} ¢ 0.9
20 | Duralumin 41 0 164.04 0 1) .31 -40 .55 .50
10 | Annealed Monel. . 2.9 67.7 305 L7 Y T O
10a} Hard-drawn Monel 2.0 70.2 105 21 L5 |eceeen-a —
2| Brasa 6.3 348 0 175 ] 0 ) ¢ [T
8|....do_.. 6Le| 3547 26 0 0 108
% { Phosphar bronze._. H 95.8 0 3.9 [¢) 11 02
1§ Coln sflver. { gL1 8.8 . L5
8§ | Nickel silver. I[ 20| . 222 0 [} 155 .15 Fir ) IO
1 By difference. 2 Less than amount given.
(b) Ferrous
[Elements in per eent]
No. Samples Carbon |Manganese Phosughoz- Sulphor | Chromium | Venadiuom Mmde-
11 | Drill-rod steel 1.38 ans cos
15 | Ofl-tempered steel__. .30 .42
14 | Piano wire. .86 -204
13 } Chromiom vansdinm steel .55 .648 % [L 5 3
18 do -5 A 0.02 0. 9
18 [ Chrominm molybdenum steel .54 .50 1] .02 . [ %31
16 | Btalnless steel .81 129 13.20
TABLE IL—HEAT TREATMENT Dimensions of Specimens.—The effective lengths of
: queasned | D . the samples when mounted in the torsional pendulum
ue: ol . - -
No. Bample e e | Demdatec. | and the average diameters are given in Table III.
The diameter was measured at 4 to 6 positions on
S | Slekel sitver ] o2 | each sample, two diameters at right angles to each
e e e A e Tamagi | other at each position. The average deviations of
o T T e et et e , = 1@ | the diameter measurements varied between the
16 | Saioese stear” 000 800 .
§ 1,000 | 300, 300, 400, 300, extremes of 0.1 per cent for the brass wire Number
8 and 0.8 per cent for the oil-tempered steel wire.

1 Approximate.
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TABLE IIL—DIMENSIONS OF SPECIMENS

(a) Nonferrous
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holder which is sufficient in view of the larger values of
the moment of inertia of the weights as compared with
that of the chuck and holder. The wire specimens used

Nol Materal El?;;'%tg" diverags | aversse | in this determination were of stainless steel and brass.
ineh indismeter | T)atq for the weights are given in Table IV.
2 | Alomioun. ma| 0GEO| 00002 TABLE IV.—DATA OF WEIGHTS
10 | Anmesled Monel___ - - T .20 0358 .0002
108} Hard-dmwn i £ T (O —— %Gg g:gg %}. Moment
§ - . ia - 0811 - 0001 Weight No Aaterial Weight, | of inertia
7 Phosphor DOz e e ee e m e e 27.10 . 0816 0005 pounds | intflb,
1 Colnslvar. e ieeeeeceeat — .11 0329 . 0001 .
5| Sorsvar. o T wa| om 20001
%i.. Disk Steal gm0l 267
0o & 2| mw
0. N
(b) Ferrous X S Disk and £ing.......... Brass. ... ..0] Leis| 3.8
Holder. - Bmtlin %& %g’
11 | Drill rod atoel: I " )
Asrecelved.. o ooeeccccacmaaana- 27.02 [1 1< — —
After heat treatment....cacne--n-- _ 7.20 N1 — .
18 | Qi tempered ateel: As rocelved..—...- w08 .03 0. 0008 Temperature Chamber.—The temperature chamber
e 25.48 - 0852 002 | is orig used for testing aircraft instruments. It is
18| Chrominm vemadlumstesl: | 2| .o “om | considerably larger than needed for this work but is
18 | Chremer heat tregtment so---==--=---" .28 -0346| 0003 | o]l insulated thermally by about 6 inches of cork.
da recetved .. e a1.18 - 0sa7 002 | If the inside of the chamber is brought. to —30° C.
B O e o steal: aor|  .esor “wor | while the outside room temperature is about +20° C.,
16 | taiiies eat treatimext. ... : the {emperature within the chamber will increase t,o
o ol I o X0 | g° C. in about 16 hours. Arn emmonia refrigeration
system was used to cool the chamber and electric

DESCRIPTION OF APPARATUS AND lMETHODS OF
PROCEDURE

Torsion Pendulum.—The torsion pendulum set up
in the temperature chamber is shown in Figure 1.
The wire was supported at the top by means of a chuck,
the support for which included a provision for starting
the swinging of the pendulum from the outside of the
temperature chamber. These parts were above the
cooling coils shown in the photograph. Thelowerchuck,
near the floor of the chamber, was attached to a holder
for the weights which were used to. control both the
tensile stress and the moment of inertia.

A platinum wire, 0.023 inch diameter, was attached
to the weight holder. At the mid-point of each oscil-
lation of the pendulum this wire made electrical contact
with the free end of & fixed vertical strip of silver 0.04
by 0.002 inch in cross section and 1.5 inches long. The

contact was recorded on & chronograph, by the opera-

tion of one of its two relays. The other relay wes used
to obtain a record of second signals recewed from a
chronometer.

All but one of the weights were cyhndncal disks,
each with a hole through the center. The hole served
the purpose of centering the weight on the holder.
The moment of inertia of each weight was calculated
from the measured dimensions and the mass: - Correc-
tion was made for the slight deviations of the disks
from true flatness. The moment of inertis of the chuck
and holder combined was determined expenmentally
by the torsional pendulum method using wire speci-
mens which had been found to have, within ¥ per cent,
the same values of the torsion modulus at all of the
tensile stresses applied. This method gave an accu-
racy of about 2 per cent in the value for the chuck and

heaters to heat it. The air in the chamber was kept
stirred by means of an electric fan. The fan was
cut off, however, during the time when readings were
being made in order to obviate a possible source of
unsteadiness in the vibration. A multiple glass win-
dow in the door of the chamber and an electric light
inside are part of the equipment. Temperatures
were measured by & liquid-in-glass thermometer hung
about 1 inch from the wire. A study of the data
indicates that the error in the temperaturs measure-
ments due to all causes does not exceed 1° C.

Test procedure.—In taking observations the cham-
ber was first brought to a definite temperature and
held at this value for one-half hour before obtaining
data. By means of the device previously mentioned,
the pendulum was then put into torsional oscillation.
‘When the oscillations had become steady, the chrono-
graph was started and left running until approximately
100 half oscillations had occurred. The moment of
inertia, and consequently the tensile stress, was then
increased by the addition of another weight fo the
pendulum. This operation required the opening of
the chamber which affected its temperature. No
observations were recorded until 15 minutes after the
temperature had regained its previous value. This
process was repeated until all of the observations at s
given temperature were secured.

The amplitude of the oscillation was 45°, very
approximately, while observations were being obtained.
Dats for the brass sample Number 2 and drill rod
Number 11 showed that the period of both decreased
one part in 2,500 per degree decrease in amplitude.

The period of oscillation of the torsion pendulum had
extreme values of 1.5 seconds for phosphor bronze and
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20 seconds for coin silver. For most of the specimens,
ferrous and nonferrous, the period of oscillation of the
pendulum had values between 4 to 10 seconds. The
sceuracy of the measurement of the period was of the
order of 0.1 per cent.

Tensile stresses in the wires were computed from the
weights given in Table IV, and the wire dismeters
given in Table TII. '

motion as the free end of the wire. The indication was
on a graduated circle 7.7 inches in radius with grad-
uations 0.25 degree apart.

Each heat-treated specimen was cut from the wire
previously used in the torsional pendulum and was not
independently heat-freated. The results by the two
methods are therefore comparable. All tests were
made with the specimen at room ternperature

Determingtion of the Rigidity Modulus by the De-
flection Method.—The apparatus is shown in Figure 3.
The ends of the specimen, which is about. 4 inches long,
are held in pin chucks, one fixed and one free to turn.
The torque is applied by means of weights in a pan, in
the manner shown in Figure 8. The deflection was
mesasured by a pointer which had the same angular

41630—31—37

EXPERIMENTAL RESULTS

Temperature Coefiicient of Rigidity Modulus.—The
values of the temperature coefficient of the modulus of
rigidity for the various materials are given in Table V.
Two values are given for each material: One, m’
uncorrected for the effect of the change in dimensions
with temperature of the parts of the torsion pendulum;
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and the other, m corrected for this effect. The coeffi--
cients are all negative; that i is, the modulus of ngxdlty
decreases as the temperature increases.

TABLE V.—TEMPERATURE COEFFICI_ENTS OF MOD-
ULUS OF RIGIDITY . .

Coefficient
. Tensile stress
No. Material m'x10¢ mx 10 range{nlb.{sq.
Qopeor- |Corrected,’| -
21 | Alumipum... —58
20 { Duralumin -5
10 | Annealed Monel... —38
10a | Hard-drawn Monel..._. —40,
2} Brass. —49
] do. . —43
7 | Phosphor bronze. —4j
1| Coin sflver. —-52
6 | Nickel silver. .
—41
-39
—35
~38
—85
1
-2
-2
—28
~23
15 —32 2,000—11,000

REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TABLE V.—TEMPERATURE COEFFICIENTS OF MOD-
ULUS OF RIGIDITY—Continued

CoefMeient
Tenslle stress
No. Material m x108 mx106 rmgo[nlb.]nq.
Uneor-
rected,1 [COrTecied,!
14 | Plano wirn
’ Asreceived. - noo e ] —~36
Quenched st approximately 900% "
13 | Chromium vanad.{um 11T I
- received —28
ampered at 100° C..vem e —3
Tempered at 200° G... -3 |
Temperad at 300° C.- -3 :
Tempered at 400° C —26
Tempered at 500° —35
Tempered at 626° C.. .- —28
18 | Chromlum vanadium steel :
R .As racei\ (-7 D —20
Tempered at 100° Oueerececannas —34 l
19 Chrom[um molybdenum steal.
. As received —47
: Tempered at 100° [ -39 ‘
16 | Stalnless st
é‘“&l&“ o
am —
Temypersd —31
Tempered —31
‘Temperad —31
-. Tampered -—22

FIGURE 2.—Apparatus for hardening {errons specimens

In the course of computing the uncorrected values
graphs were drawn for all of the materials, similar to
those' shown in Figures 4 to 9, inclusive. These fig-
ures show the date for the specimens of nickel silver,
gtainless steel, and chromium vanadium Number 13.

The graphs of the expression é against the tensile
stress as shown in Figures 4, 6, and 8 were drawn first.
Froin these the graphs of é against temperature were
obtained as shown in Figures 5, 7, and 9. The values
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of the uncorrected ccefficients m’, as defined by equa-
tion (4), are determined by the slopes of the straight:
lines in Figures 5, 7, and 9, divided by the values
of é at 0° C.

A careful study of the primary graphs in Figures
4, 6, and 8 led to the following two conclusions:

565

- -relatim} betweenlé and the tensile stress at various

temperatures for a specimen in a given condition.

In a number of individual cases the observations
were not in accord with the above two conclusions, for
the discrepancies were greater than the experimental

error in Ié As an example, see the scattering of the

(1) At a given temperature 1%5 is either constant or

directly proportional to the tensile stress.
(2) For any one state of the specimen the factor
of proportionality of the relation between % and the

tensile stress is independent of temperature in the
temperature interval —25° to +50° C. As a conse-
quence of (1) and (2}, straight parallel lines gave the

FiGURE 3.—Apparatus for determining the rigidity modulus by the deflection method

data shown in Figure 4 for the nickel silver specimen
in the “as received” condition and note that the data
for —11° C. ecan just as well be represented by a
straight line of zero slope. It will also be seen in
Figure 4 that there is no such scattering of the observed
points in the data obtained after the various heat
treatments of the sample. It is believed that the
scattering of the data for nickel silver in the *“as re-
ceived”’ condition is due to the fact that the specimen

|
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did not conform to the primary assumptions under- | be noted in the computation of m that all of the exper-
lying formula (1). These sssumptions are that the | imental values of m’ are negative in sign.

wire is straight and that it is free from internal strains. Modulus of Rigidity at 0° C.—The values of the
The effect of these two factors can not be separated, | modulus of rigidity for one temsile stress are given in
since the internal strains produced in drawing the T '

wire generally cause longitudinal curvature. Pl e = 10T I1-
Within the limits of experimental error it was found N -4
Ny ) [=/ 5%
. . I. .. . e N D
that for a given tensile stress, Y directly proportional N ":_C;
. . ’ L4 11
to temperature in the temperature interval covered by | _ ]
the experiments. (See Figs. 5, 7, and 9). Possible * < B = potet - 4t 4
exceptions to this fact are the-data for the chromium- : 470 - —— THELET
molybdenum and annealed Monel specimens, for which | N e b\ 500+ -
i B O R
X ; X
1 460 -
{ } 1 C P L A
A5 7 Feceived FT== % BEHEO ] _
— s e = =g =t
440 B 33 A5D)] e i P b
.____——-—"’ - = N:’::. — ; .c
435 [ ——— [ - ry - I e T iy N
2 —_-‘-e-——" ENEEENEN . - rAs"eoe,'ved ?.E-_?'Ecg
4 | med I e Ty /e dt |
ik o ST TR = s, T
:s\ - n“
Arter v& hour af 200 Cl—|46°C ] ' 1L e 5 1]
455 - 479 IHER
_ 20 -0 0 i0 20 30 40 80
450 - 21 _ Temperature,*C
F“L FIGURE 5.—Change in the rigidity modulus of nickel allver with tamperature after va-
A445] rlous heat treatments. The moment of inortis I is in pounds-inclies squared and
the period P in seconds ’
Tl Tl Lo
i .8 -ceived 20°C
4751 After 4% how- af 300°C 19" CH . i As receiv = L
470 i ] | a8 . T
u T
2«4 67 45
O - 2
: auenched ot %25° € 1
458 - Drown at 100°C =22°C
L2 1
. .60 a7
R 2 B 1
A5 1 Tafter v hou af 475°C | L /9°C .59 a 50
i - ]
490 i :
24 87 Drown at 200" C 20 C
485 ™ 2 - L |
.80 mlepes a5
: .59
A5 After 4% hour gt 850°CT 1 H# L : f! - -
450 s ] Vrown atl300°C) "%@
. 5.5 8f f
- 5 g 259
A45 50 80 - - —p—tos
440 n I . N - . 1 ._.. PR
2000 <4000 6000 8000 10000 _ Drown at 400°C -20°C
Tensile siress,ib/5q.41. B ol - A= T ) 5]
Fioure 4.—Effect of tensile stress and temperafure on the . .80 . ) —i A
rigidity modulus of nickel siiver. The moment of inertis - [ I O
I'isin pounds-inches squared and the period P in seconds - frown af500°C_| _zg-c_
] . 4
the absolute vealue of the slope of the curve through -y " 23
the experimental points appears to increase with tem- ' i
' o3 : 60 Drawn of 625°C -/9°L
perature. However, the best streight line was drawn &1 3 bl
through the points for these materials also, since the ol R
deviation does not greatly exceed the experimental o 4000 6000 ] etoso Ibmaoq 12000
error. 'This point is considered later in greater detail. Tensile siress,lb/sq.in.
A . . . FI1GURE 6.—Effect of tensile strass, heat treatment, and temperature
The coefficient m varies less than I per cent with on the rigidity moedulus of chrominm vanad{umsteel. The moment
tension over the range of tensile stresses applied. of inertls 15 In pounds-inches squared and thie period F In seconds
The values of m, the temperature coefficient corrected | Table VI. The table gives also the percentage change
for the expansion of the parts of the torsion pendulum, | in modulus for change of tensile stress in a given range
were computed by means of equation (11). It should | of stress.
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‘Fm\\
880 1] ol
575 T e
= 805
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] S 500
| e o T
. =0 ot 1o 5
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FIGURE 7.—Change in the rigidity modulns of chromium vanadium steel with temperature after varlous
heat treatments. The moment of inertia I is fn pounds-inches squared and the period P in seconds

TABLE VI.—MODULUS OF RIGIDITY AND EFFECT OF
TENSILE STRESS

Rigidity modulus Iner in modul
3t 0° C. 108 cade o8
Ib./sq. with tensile stress
No.| Material Tensfle stress
Ib.fsq. In. Stress range |Inecrease,
Ib./sq. n. |percent
1,000 5,000 { 8,000
21 | Aluminom. 374 600~ 2, 100 0
20 | Duralamin_ iy 600- 12, 400 M
10 | Annealed Maonel__ 0.68 1,000~ 6,000 .45
10a] Hard drawn Monel 9.85 1,000~ 7,000 .52
2 | Brass. 508 1, 000~ 7,000 .56
] do. 5.03 500~ 2,400 .38
7 { Phosphor bronze. .....-- 042 §00- 2,300 .41
1| Colin silver. 4.25 2, 500-11, 000 —. 82
6 | Nickel siiver. 2, 50011, 000 femmmoee
As recefved...... 6.25 X7
e REAd e :
Term 8l 7]
at 475° C. 604 0
Tempered at 650° C 640 0
11 | Drill rod steel - 2,000-11,000 |. oo __
uempergéd-f-—iw"c ILLLf E
[ -
Tempered at 500° C 1.1 48
Tempered at 600° C 11 .48
15 Oﬂtemdsteel ............... 118 | 3, C00-11, 000 .43
14 | Piano 3,000-13,000 |..ee .. -
As received___. 114 .23
Quenched at about 900° C .21
13 | Chromium vanadium steel. 3,000-18,000 | ___
As received .. 12.6 .40
Tempered at 100° C.__. I.Llli .44
Tempered at 200° C 12.0 .44
Tempered at 300° C 12.Q .
'empered at 400° C 12,1 -0
T at 500° C 121 .20
Tempered at 625* C 12.0 .20
18 | Chromium venadium steel 2,000-10,000 |~
As ved 1.4 [1}
Tempersd at 100° C —3
19 | Chromfum molybdenum steel 3,000-10, 000 [--ccee-
Ag raceived 1n.7 - N
Tempered at 100° C .12
16 | Btainless steel._ : 2, 000-10, 000 |-ooonenoe
%ﬂ mceived.t..ﬁ;.c. ......... 12.6 %g a 18
‘empered & .
Tempered at 300° C 12.3 .18
Tempered at 400° C 12.3 I8
Tempered at 500° C 12.4 .18
empered at 600° C 125 .

The modulus of rigidity was computed using
formula (3). The value of ng was obtained from

graphs such as Figures 5, 7, and 9. The length and
radius of the wire specimens sre given in Table I.
No correction was made for the effect of temperature
on the dimensions of the parts of the torsion pendulum
since its amount in no case exceeds 0.1 per cent.

The error in the values of the modulus introduced
by neglect of the effect of damping was calculated
for brass samples Numbers 2 and 8, and drill rod
sample Number 11, based on experimental data. It
was found to be negligible (less than 10~ per cent).
-Since the data were obtained in the usual manner,
it indicates that the work done by the vibrating
system in deflecting the contact strip was very slight.

Miecrophotographs were made of three groups of
chromium vanadium wires of the lot from which speci-
men Number 18 was taken in order to determine the
extent to which decarburization occurred during the
heat treatment. One sample was quenched from
920° C. in water, the second similarly quenched and
then tempered at 600° C., and the third was as
received. The heat treatment was given in the appa-
ratus previously described. No evidence of decar-
burization was found in any of the three samples.
Howerver, the two groups of samples which had been
quenched from 920° C. were found to have eracks,
approximately radial, extending almost to the center

of the wire. The effect of the cracks probably reduces
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the apparent value of the modulus, but is not believed
to affect the value of the temperature coefficient.
This offers an explanation of the differences in the

modulus for chrominm vanadium specimen Number 13.

in the ‘““as received” condition and after heat treat-
ment (about 5 per cemt). .
Comparison of Moduli Values by Deflection and
Pendulum Methods.—The modulus of rigidity was
also computed from the data obtained by the deflec-
tion method using formula (12). In each case the
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Fioure 8.—Eflect of tensile stress and temperaturs on
the rigidity modulus of stainless steel. The moment
of inertia I is in pounds-lnches squared and the
period P in seconds

term M/a of formula (12) was determined by comput-
ing the slope of the best straight line which was drawn
through the torque-deflection data. The results of
these computations are given in Table VII, together
with values comparable as to tensile stress and tem-
perature which were determined by means of the tor-
sion pendulum. In order to secure the latter values at
zero tensile stress the straight lines of graphs such as
given in Figures 4, 6, or 8 were extrapolated. The
accuracy of the determinations by the deflection
method is estimated to be 2 per cent. The agreement
is, in general,satisfactory. Itisseen that the valuesby

deflection are the smaller except for aluminum, dur-

_alumin, and piano wire. The difference for the latter

material is within the experimental error.

TABLE VIIL—COMPARISON OF DATA OBTAINED
FROM DEFLECTION AND PENDULUM TESTS

[The values of the modulus from the torzfon pendulum glven below are for zero stress
intension and have been extrapolated from the data]

Rigidity modu- |Maximum shear
Tam- |lus in 108 Ib/sq.| stresses, 109 1b.f

pora- in. aq. in.
No Materlal ts“;gc?‘ _
imen, | Deflec-|{ Pendud Deflee- | Pendu-
°C. | tlon | lum | tion | lum
metbod method| tests | tosts
21 | AlamDum e oo e +27 3.9 &g 4.5 10
20 | Durelumin, ... 281 40| 28| & 1
10 ealed Monel_._. 28 8.3 0. 80 16 11
10a/ -drawn Monel. b ] X 468 8 1.8
2| Brass ¥ A1 LM 7 8
. 7 PP, (, N 2% £9 4,95 4.5 14
7 | Phosphor bronze 7 62 6.33 4.5 18
1| Coln8OVer... s e e rae 28 43 4,82 18 5
6 | Nickel silver (heat-trcated at 650°
—— 7 62 6.34 13 8
11 | Drill rod steel. ... .. 0 15
13 | Chromlum vansdlum..._______ i
18 do. 3 11.2 11.4 ] 18
15 | Of1 tempered steel. 30 10.9 L1 ) 15
14 | Plano wire.._..... 2 114 1.8 54 I3
16 7 124 125 108 185
19 b ] 10.8 1.5 38 15

Effect of Tensile Stress on Modulus.—The change
in the modulus of rigidity for the range of tensile
stress for which data were obtained is given in Tabie VI.
No great accuracy is claimed for the data, which are

presented merely as quelitative evidence that the.

effect exists. See later discussion of results for phos-
phor bronze. '

Maximum Shear Stresses.—The maximum stress in
shear to which the specimens were subjected both dur-
ing oscillation of the pendulum and in the deflection
tests was computed from the formula

_ s-Fa (13)
in which S is the stress at angular deflection A4, and r
and [ are the radius and length of the wire, respec-
tively. These values are given in Table VII. Those
for the pendulum specimens are for an amplitude of
0.9 radian,

DISCUSSION

It should be emphasized that the absolute values of

the modulus may be in error due to discontinuities in
the surface of the wires. This is an Important factor
in the case of the ferrous materials. On the other
hand, it is believed that the temperature coeflicient
values are of greater reliability since they depend upon
measurements of the change in the modulus. It is
assumed that the effect of the internal stresses and dis-
continuities in the wire surface do not vary with tem-
perature. .

In general, other investigators using the torsion
pendulum, notably Iokibé and Sakai, Horton, and those

preceding Horton, obfained data only on annealed

specimens. In the absence of a definite statoment it is
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not certain whether the specimens of Koch and Dan-
necker were annealed or not, but the data are character-
istic of those obtained on hardened samples.

Horton and Chevenard correct their results for the
effect of the change in dimensions of the specimen and
dependent parts with temperature. It is not certain

of the coefficient to inerease slightly with temperature.
The modulus of rigidity is computed from their data
to be 3.69<10% pounds per square inch at 0° C.

Koch and Dannecker’s data (Reference 9) give
—61X10% for the average value of the temperature
coefficient of the modulus of rigidity in the tem-
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Fictre 9.—Change In the modulus of rigldity of stainless steel with temperature after verious heat
treatments. The moment of inertia I is in pounds-inches squared angd the period P In seconds

thet the results of Koch and Dannecker or Yokibé and
Sakai are so corrected.

The available data for aluminum and Monel metal
indicate that the temperature coefficients of elasticity
areindependent of temperature within the experimental
error when these materials are in the hard-drawn
condition, but vary with temperature when annesled.
All of the nonferrous metals tested in the hard-drawn
condition had values independent of temperature. It
is offered as a tentative conclusion that herd-drawn and
annealed nonferrous metals generally show this differ-
ence in the temperature coefficients. Further details
are given below.

No conclusion can be drawn from the available data
as to the difference in dependence upon temperature of
the temperature coefficients of annealed and herdened
ferrous metals.

Alaminum,—Horton (Reference 1) found that the
modulus of rigidity of an annealed wire varied ir-
regularly with heat freatment in the temperature
range from room temperature to 100° C. He reports
the temperature coefficient to be —135X10~% at
15° C. and the modulus of rigidity to be 3.73 X 10*
pounds per square inch at 0° C. The latter value is
computed from the value at 15° C.

The data of Iokibé and Sakai (Reference 3) for an
annesled aluminum wire give an average value of
—1083X 107 for the temperature coefficient of the
modulus of rigidity in the temperature interval
+25° to 76° C. Their data show the numerical value

perature interval +20° to 100° C., which agrees
closely with the value given in Table V (—62X107%),
and 3.96 X 10* pounds per square inch for the value of
the modulus at 0° C. The condition of their wire
specimens, whether initially hard or annealed, is not
stated. The velues for the modulus found by Horton
and in our experiments (3.74X 10°%) agree closely but
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Frotrr 10.—Effect of tempering or drawing temperature npon the temperature
coefficient and modnlus of rigidify. Curves I are for nicket silver, carves IT for
chrominm vanadiom steel and curves ITI for séalnless steel

are much less than those reported by Koch and

Dannecker:

Dodge (Reference 8} experimenfed with both a
hardened and an annesled aluminum specimen and
found that the temperature coefficient of Young’s
modulus of the hardened specimen was substantially
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constant up to 100° C., but that of the annealed one
varied with temperature. This difference in behavior
of annealed and hardened aluminum may explain the

variation in values reported by us and by Horton and

others. An objection to this explanation is that
Dodge’s value for the temperature coefficient of
Young’s modulus of the hard specimen, —122X10~%
at 20° C., is greater than for the annealed one, — 61 X
107t at 20° C., while a comparison of Horton’s and
our data shows the temperature coefficient of the
modulus of rigidity of the harder specimen to be less.

Koch and Dieterle (Reference 11) obtained an aver-
age value of the temperature coefficient of Young’s
modulus for an annealed specimen of —65X10~% in
the temperature interval +17 to 110° C. This is in
agreement with Dodge.

It may be safely concluded from a consideration of
all of the data that heat treatment at relatively low
temperatures greatly affects the temperature coeffi-
cients of elasticity of aluminum. The effect is far
greater then for other metals considered in this report.

The data of all of the investigators mentioned above
show fairly conclusively that the numerical value of
the temperature coefficient of the modulus of rigidity
of annealed aluminum increases slightly with tempera-
ture and that it is constant for hardened aluminum up
to about 100° C.

Durelumin.—Koch and Dannecker (Reference 9)
gave values of the modulus of rigidity at +20° end
100° C., which give an average value of the tempera-
ture coefficient of —46 X 107% in this temperature range.
This appears comparable with the value in Table V
{—62X107%), since both data show the variation of
the modulus with temperature to be uniform in this
temperature interval. A source of discrepancy in the
two values is the probable difference in the initial
state of the specimens. There appears to be no great
variation due to heat treatment or other causes from
the value given in Table V, such as is the case for
aluminum.

The modulus of rigidity at +20° C. given in the
above reference is 3.87X10® pounds per square inch
from which is computed the value at 0° C., 3.91 X 10°
pounds per square inch. 'This is in close agreement
with the value 8.94X 10 given in Table VI.

Monel Metal.—The hardened specimen has & some-
what higher modulus of rigidity and larger average
temperature coefficient than the annealed specimen
but no great significance should be attached to the
difference.

A more slgmﬁca.nt dlﬁerence is the fact that the
value of the temperature coefficient is constant for the
hardened specimen (—42X107%) in the temperature
range —14° to +50° C., while on the other hand, it
varies from —21X107% at —13° C. to —54X 107 at
+50° C. for the annealed specimen. These values are
estimated to be accurate within 10 per cent. This dif-
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ference in behavior of the annesled and hard specimens
is similar to that reported by Dodge for aluminum
{Reference 8).

The modulus of rigidity is given as 9.5 X 10* pounds
per square inch by the International Nickel Co., which
probably is an average value at a temperature of about
+20° C. This compares with values here reported of
9.68 and 9.85 pounds per square inch.

Brass.—Koch and Dunnecker (Reference 9) give a
value of —42X10~% for the temperature coeflicient of
the modulus of rigidity in the temperature range +20
to 100° C. for a brass composed of 60 per cent copper
and 40 per cent zine. For a specimen of durana-
metal, supposed by them to be of about the sameo
composition as their brass specimen eoxcept for the
addition of small unknown amounts of other metals,
the temperature coefficient is —85X 1075 between +20
and 100° C. Their data indicate that the coeflicient
is independent of temperature to the first order in the
temperature interval +20 to 100° C.

The values of the temperature coefficient found in
the present experiments are —46 and —52X107% for
the two samples of brass. The difference in the tem-
perature coefficients is not easily explained at first
sight_since the absolute values of the moduli of
rigidity were found to be alike, and since it seems
reasonable to suppose that physical differences in the
two samples would affect the modulus as well as the
coefficient. It is believed, however, that the agrce-
ment in the two values of the modulus is accidental
and that the actual values differ, a conclusion which
appears to be confirmed by some additional data ob-
tained on brass sample Number 2 at 4-30° C., which
gave a value of the modulus about 3 per cent greater
than that given in Table V. It is further to be noted
that the additional data at 30° C. is independent of
the stress in tension.

It is of interest to note that the data of Koch and
Dieterle (Reference 11) give —38X 10~* for the average
temperature coefficient of Young’s modulus in the
temperature interval + 11 to 98° C.

The modulus of rigidity at 0° C. is 5.59 and 5.55 X 10*
pounds per square inch, respoctively, for the two
brasses considered by Koch and Dannécker. These
are to be compared with the values 5.03 X 10® given in
Table VI.

Phosphor Bronze.—The average value of the tem-
perature coefficient is computed to be —34+107% in
the temperature interval +20 to 100° C. and the
modulus of rigidity, 5.32 X 10° pounds per square inch
at 0° C. from the data of Koch and Dannecker (Ref-
erence 9). Their data show the absolute value of the
temperature coefficient to increase with temperature.
The composition of their specimen was 93 per cent
copper and 7 per cent tin, The results do not appear
comparable with those here reported, i. ¢., —48 X 10~
for the temperature coefficient and 6.42 X 10* pounds
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per square inch for the modulus. This discrepancy
may be due to differences in chemical eomposition and
hardness. Their value for the modulus of rigidity
appears to be very low for & phosphor bronze.

St. Clair (Reference 2) has given data on the tem-
perature coefficient of Young’s modulus based on
measurements of the deflection of hair springs which
give a value of —38X107% for the coefficient. The
phosphor bronze was of the grade most suiteble for
use in diaphragms end springs and was in the hard-
ened condition.

Edwards, Bowen, and Alty (Reference 5) have in-

vestigated the effect of stress in tension on the values |

of the modulus of rigidity of phosphor bronze when
measured by means of the torsion pendulum. This
effect was first pointed out by Pealing. Their experi-
ments indicate that the modulus increases with tensile
stress up to a value of about 1,200 to 1,500 pounds
per square inch, and for values sbove this stress is
substantially constant. The effect is greater in hard-
ened specimens and is reduced by annealing. The
data here reported indicate an increase of 0.41 per cent
in the modulus from & tensile stress of 500 to one of
2,300 pounds per square inch. This increase has been
assumed to hold good at all of the temperatures at
which readings were made. No great significance can
be attached to the value for the effect found in the
present experiments since the average deviation of the
points from the straight lines which give ths relation

between the tensile stress and FIgis too great. The data

are poorer in this respect than for any other material.
Another point is that the present experiments have
not been conducted so as to bring out this effect,
although there is definite evidence that the modulus
of rigidity of phosphor bronze and of many of the
materials tested depends on the tensile stress.

Coin Silver.—There appear to be no available data
on the elastic constants of this material. However,
data on silver may be used as & rough basis of com-~
parison.

The values of the constants for silver derived from
the data of other investigators are given below:

SILYVER
MOdd?éus gg [ Temperature coeficlent
-
Investigators i gc. T | Average | Temperstura in-
Jsq. . vaIunxm' terval, ®* C.
Horton... 3.9 { 4 Joto 100, et 5 C.
Koch and Dannecker. ... .-~ | 3.87 —44 10 o 100.
Yokibé and Bakai 3.25 —&87 | +290to 92,

The modulus of rigidity of coin silver here reported
is 4.25 pounds per square inch at 0° C. and the temper-
ature coefficient, —56 X 1075,

Nickel Silver.—The average temperature coefficient
of the modulus of rigidity, derived from Koch and
Danpecker’s data, is —89X107° in the ftemperature
range +20 to 100° C. and the modulus is 6.85X10°
pounds per square inch at 0° C. There is no informa-
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tion on the exact composition of their- specimens.
The above values agree reasonably well with those of
the present data for the specimen tempered at 300° C.
The values of the temperature coefficient and of the
modulus are plotted against tHe tempering temperatures
in Figure 10. A study of the effect of tempering at
various temperatures by Thompson and Whitehead
(Reference 6) indicates a change in the internal struc-
ture of nickel silver with 15 per cent nicke! when
tempered in the temperature region 300 to 400° C.
and, less certainly, at & tempering temperature of
550° C. The data of Figure 10 do not contradict this
conclusion but do not necessarily corroborate it. A
change in structure is clearly indicated in both curves
of Flgure 10 somewhere between 300 and 475° C,, but
owmg to lack of data in this interval the exact temper-
gture is not indicated. If a change in structure occurs
at 500 to 600° C., it is apparently without effect on the
temperature coefficient or the modulus.

Figure 4 shows a distinct difference in behavior of
the specimen before and after heat treatment which is
believed to be typical for cold-drawn and heat-treated
wires of nonferrous materials. The experimental
points deviate greatly and in an erratic manner from
the best straight line for the cold-drawn sample,
which deviation all but disappears after the specimen
has been subjected to a temperature of 200° C. The
fact that the modulus is independent of tension after
heat treatment is not believed to be necessarily true
for the other nonferrous materials. The deviation of
individusal points from & straight line for the hard-
drawn specimens of other nonferrous materials is of
about the same magnitude. This is in general agree-
ment with the observations of other observers who
state that it was necessary to anneal the specimens in
order to secure consistent data.

Drill Rod Steel.—JIokibé and Sakai (Reference 3)
give data on a steel containing 1.3 per cent carbon
which is substantislly the same as that of the drill rod
sample. According to their results, the average tem-
perature coefficient of the modulus of torsion is zero
in the temperature interval +29° C. to 77° C. and the
modulus is 11.0 X 10% pounds per square inch at 0° C.
The temperature coefficient is constant in this tem-
perature range.
agreement with that of the present experiments, but
there is disagreement on the values of the temperature
coefficient.

0il Tempered Steel—No other data appear to have
been published on this material.

Piano Wire.—Horton finds the temperature coeffi-
cient of rigidity of two annealed specimens of *piano-
forte wire” to be —26X107% in the temperature inter-
val +10 to 100° C. and to be constant in this tem-
perature interval. The modulus of rigidity is given
as 12.3 and 11.9X 10°® pounds per square inch for the
two samples.

From the data of Tokibé and Sakai the average tem-
perature coefficient for an annealed semple of steel
containing 0.90 per cent carbon is found to be

The value for the modulus is in
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~ 11X 107%in the temperature interval 4 56 to 104° C.,
and the modulus of rigidity to be 11.1X 10° pounds per
square inch. :

Chromium Vanadium Steel.—Figure 10 shows that
the temperature coefficient of the modulus is greatly
~ affected by the tempering temperature, and that the
modulus of rigidity is unaffected. The absolute values
of the modulus as determined subsequent to quenching
are undoubtedly too small due to quenching cracks as
has been previously stated.

Chromium Molybdenum Steel.—The temperature co-
efficient (— 39 X 107%) for this material, determined after
the heat treatment given in Table V, is an average
value for the temperature interval — 15 to +50° C. The
average value in the interva} —15 to 0° C.is—21 X 1075
and in the interval +25 to 50° C. is —45X 1075,

Stainless Steel.—The remarkable constancy of the
modulus and the temperature coefficient shown in
Figure 10 for tempering temperatures up to 500° C.
is analogous to the behavior of other properties of
stainless steel. See Reference 10 in this connection.
A change in the crystal structure takes place at a
temperature somewhat ebove 500° C., which accounis
for the change in the temperature coefficient after
tempering at 600° C.

No published data were found on the temperature
coefficient.

CONCLUSIONS

The values of the temperature coefficient of the
modulus of rigidity have been determined for a num-
ber of nonferrous and ferrous metals, in the tempera-
ture range —20 to +50° C. The values are given in
Table V.

Values of the modulus of rigidity were also measured.
These are given in Table VI.

The effects of tension and of heat treatment were
" considered. These data are summarized in Tables V
and VL '

Table VIII summarizes the present state of knowl-
edge on the temperature coefficient of the modulus of
rigidity of the materials considered in this paper for
the temperature range —20 to +50° C. The results
of gll investigators of these materials whose work has
come to our attention were given due weight in deter-
mining the values given. The values are tentative in
many cases.

TABLE VIII—TEMPERATURE COEFFICIENT OF THE
MODULUS OF RIGIDITY IN THE TEMPERATURE
RANGE —20° TO +50° C.

Temperatore

Materlal Composition, per cent cggg&;’:n‘” m%z?m“
Alumfinnm,
ALOBS. o -]
Durelumin.. Cu 4.1
Monal oo .. -{Cu®, Ni70.2 ___._._]
Cu 39, Ni67,7.-.-_7| Annesled
Brass......e———.-...| Cu 68, Zn 86, Pb 1.5...
Cu 62, Zn 35, Pb 2.6
Cuél, Znd0....
Phosphor bronze..._.| 80 8.9 - aeeeeommeeee

1 All values In this column te be multiplied by 104,
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TABLE VIII.—TEMPERATURE COEFFICIENT OF THE
MODULUS OF RIGIDITY IN THE TEMPERATURE
RANGE —20° TO -+50° C.—Continued

Tem ture
Material Composition, per cont C:.f‘g;fg:n“ tm’< 1%']I.t:nt.
Coln silver. Cu 8.8 Hard-drawn. . ...... ~58
Nickel silver._....___ Cu 57, Zn 2, Ni 15.5 do m——— —{4
do. Heat-treated........ ~38 to —49
do. Tempered at 200° C. —42
Drill rod ateel.... ... 0138 e Heat-treated........ —23 {0 -4
Ofl tempered ateel._.| C0.70- oo Il;c:ili_-trm apring ~33
e,
Piano wire_......___. C 0.86. do —37
do.. ITardened ] —45
Annealed. .. ocuaens —26
Chromium vanadi~ | O 086 oo | Heat-treated. ... —26 to —34
umasateel. [ [> £ Quenched,tempered -3
at 200° C.
O 0.50. Unknown, -30
da Hardened —35
Chromiom molybde- [ C 0.54 camcucacanananns Unknown. -eaeeeea- —4{8
num steel. do Hardened - —-1{Q
Stainless steel..._..._| [o )X 5 I Quenched,temporod |  —31 bo —32
d Q‘t hed o pocad ]
o neny tempor: -
at 600°C.
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